We report on strong enhancement of mid-infrared second harmonic generation (SHG) from SiC nanopillars due to the resonant excitation of localized surface phonon-polaritons within the Reststrahlen band. The magnitude of the SHG peak at the monopole mode experiences a strong * To whom correspondence should be addressed † Fritz-Haber-Institut der MPG, Phys. Chemie, Faradayweg 4-6, 14195 Berlin, Germany ‡ The Blackett Laboratory, Imperial College London, London SW7 2AZ, United Kingdom ¶ U.S. Naval Research Laboratory, Washington, DC, United States § Department of Electrical and Computer Engineering, National University of Singapore, Singapore Department of Electrical and Computer Engineering, National University of Singapore, Singapore 1 dependence on the resonant frequency beyond that described by the field localization degree and the dispersion of linear and nonlinear-optical SiC properties. Comparing the results for the identical nanostructures made of 4H and 6H SiC polytypes, we demonstrate the interplay of localized surface phonon polaritons with zone-folded weak phonon modes of the anisotropic crystal. Tuning the monopole mode in and out of the region where the zone-folded phonon is excited in 6H-SiC, we observe a prominent increase of the already monopole-enhanced SHG output when the two modes are coupled. Envisioning this interplay as one of the showcase features of mid-infrared nonlinear nanophononics, we discuss its prospects for the effective engineering of nonlinear-optical materials with desired properties in the infrared spectral range.
Light localization in sub-wavelength volumes is a core of modern nanophotonics. Conventional methods of achieving strong confinement of the electromagnetic fields extensively utilize unique properties of surface plasmons. A remarkable variety of objects and materials supporting these excitations ensures the key role of plasmonics in a broad range of applications. [1] [2] [3] [4] [5] Apart from unparalleled sensitivity of plasmonic structures to the optical properties of the environment, strong light localization facilitates nonlinear-optical effects. [6] [7] [8] Owing to the spectral tunability of the localized plasmon resonances and their sizeable nonlinearity, metallic nanostructures of different shapes and sizes have earned their place in nonlinear photonics.
Despite obvious advantages of plasmon-based nanophotonics, metallic nanoobjects exhibit significant optical losses, which lower the quality factor of the localized surface plasmon modes. Fast plasmon damping (typically on the order of 10 fs) due to ohmic losses 9,10 thus inhibits nonlinearoptical conversion. An alternative, promising metal-free approach has been suggested, utilizing polar dielectrics such as SiC [11] [12] [13] [14] [15] or BN [16] [17] [18] [19] [20] for high-quality light confinement in the mid-infrared (IR). In these materials, the subdiffractional confinement of electromagnetic radiation relies upon surface phonon polaritons (SPhP) in the Reststrahlen band: the electric polarization is created due to coherent oscillations of the ions instead of the electron or hole densities. Due to the significantly longer scattering times associated with optical phonons as compared to surface plasmons, the lifetimes of SPhPs tend to be on the order of picoseconds, much longer than their plasmonic counterparts. 21 In addition, due to energies associated with optical phonons, SPhPs with typical frequencies within the mid-IR (> 6µm) to the THz domain hold high promise for spectroscopic and nanophotonic applications. [22] [23] [24] In this Letter, we undertake a first step towards the largely unexplored domain of mid-IR nonlinear nanophononics. We study the nonlinear-optical response of localized SPhPs using nanostructures made of different polytypes of SiC. Using free electron laser (FEL) radiation in the mid-IR spectral range, 25 we probe second harmonic generation from rectangular arrays of subdiffractional, cylindrical SiC nanopillars. The SHG yield in the Reststrahlen band of SiC demonstrates prominent enhancement at the wavelengths associated with the excitation of the SPhP eigenmodes of the pillars. Depending on both the size and the spatial periodicity of the pillars, the SHG-probed eigenmode exhibits a spectral shift accompanied with strong variations of the SHG intensity. Analyzing different SiC polytypes, we demonstrate the interplay of the localized SPhPs with the zone-folded optical phonon modes. We further conclude that strong coupling of the two modes allows for a significant additional modulation of the SPhP-enhanced SHG output.
The schematic of our experimental approach is outlined in Fig. 1 ,a. We employed a noncollinear SHG configuration discussed elsewhere 26 to perform spectroscopic SHG measurements on square arrays of 1 µm-tall 4H-SiC and 6H-SiC pillars with the main axis of the arrays in the xz plane of incidence. The fundamental radiation incident at 28 and 62 degrees with respect to the normal to the sample surface was focused onto the sample with a peak fluence on the order of 10 mJ/cm 2 . Both 4H and 6H-SiC samples were c-cut so that the c-axis of the crystals was parallel to the surface normal. Typical SHG and linear reflectivity spectra collected using the FEL radiation for the two incident polarisations are presented in Fig. 1 ,b-e. There, the respective spectra of the bare substrate are shown for comparison. For p-polarised fundamental radiation ( Fig. 1,d ), the SHG response features two pronounced peaks located at the zone-center frequencies of transverse and longitudinal optical phonons in SiC, 26 around 797 cm −1 and 965 cm −1 , respectively. The corresponding SHG spectrum from the nanopillars demonstrate a much stronger SHG signal at around 900 cm −1 . Due to the absence of this peak in the SHG spectrum when the fundamental radiation is s-polarised , we attribute this SHG feature to the excitation of the monopole SPhP mode in the nanopillars. 15 In general, the outgoing SHG field E 2ω is related to the incident electromagnetic fields E ω i via the so-called local field factors L ω i :
where P 2ω i is the nonlinear polarisation and χ (2) i jk is the nonlinear susceptibility tensor. The excitation of the SPhP monopole mode leads to strong localization of the z-projection of the fundamental electric field E z (normal to the surface plane) and thus a resonant enhancement of L ω z . The latter results in a pronounced increase of the SHG output when the fundamental radiation is p-polarised.
However, the SPhP dipole modes observed in the range of 920-960 cm −1 rely on the resonant enhancement of the in-plane electric fields described by the local field factors L ω x,y and thus can be excited with both p-and s-polarised fundamental radiation. The total SHG response is given by a vector sum of the terms on the right hand side of Eq. (1) originating from various tensor com-ponents of the nonlinear susceptibility χ (2) . As the strength of χ (2) zzz is the largest in this spectral range, 27 xzx . The resultant SHG spectra simulated with COMSOL multiphysics software (www.comsol.com) are shown in Fig. 3 ,b with full symbols. It is seen that the steep experimental dependence cannot be quantitatively described within the simple model used in the calculations, which yields only a moderate increase of the SHG output when the SPhP monopole mode frequency is decreased.
We note the work of Carpetti et al. 28 where the authors thoroughly examined plasmon-induced SHG enhancement from arrays of Au nanoparticles as a function of the inter-particle distance b.
In the regime of b < λ (as it is in our case), the dependence of the SHG output on b was explained in terms of the changing filling factor (and thus the associated number of active nanoemitters). For very small inter-particle gaps (b/λ ∼ 10 −2 ), a modulation of the SHG output has been attributed to the modification of the electromagnetic field localization in the gaps. 29 Further, a large mismatch between the spatial period of the nanopillars P ∼ 1µm and the resonant light wavelength λ ∼ 10µm rules out the excitation of propagating surface polaritons 30 which are known to enhance the SHG output. [31] [32] [33] [34] [35] Since all these effects are included in our simulations, we conclude that the origin of the observed SHG enhancement is unrelated to the periodicity of the array.
An alternative scenario for the observed trend could invoke modifications of the non-local SHG contribution enhanced by a regular array structure. The importance of the non-local SHG was already demonstrated in a number of subwavelength-separated plasmonic nanoobjects. 29, [36] [37] [38] [39] [40] [41] [42] The amplitude and phase of this non-local SHG source depends on the electric field distribution, i.e. on both the pillar size D and the periodicity P. As such, the interference conditions between the SHG sources vary for different samples, thus resulting in a strong modification of the SHG output.
Further, the apparent difference in the shape of the resonant SHG output for the 4H and 6H samples (see Fig. 2 ) is related to the anisotropic nature of SiC. The hexagonal SiC polytypes are known to exhibit zone-folded weak modes in the Reststrahlen region 43 originating from particular stacking of the atomic layers along the c-axis of the crystal. 44, 45 These weakly IR-active zonefolded modes can be visualised in the reflectivity measurements at oblique incidence. 46 Although zone-folded modes exist in both 4H and 6H polytypes, different stacking of the SiC atomic layers is responsible for them having different frequencies, as illustrated in Fig. 3,c-d . The additional periodicity in the crystal results in folding of the large Brillouin zone thus modifying the phonon dispersion and making the excitation of phonons with non-zero wavevectors (q = 0) possible. It is seen in Fig. 3,d that the zone-folded mode in the 6H-SiC polytype with the reduced wavevector q = 2/3 π/a can be excited in the range of 880 − 890 cm −1 which is close to the typical monopole SPhP resonant frequency of the SiC nanopillars discussed above. In particular, the interaction of the SPhP and zone-folded mode which shifted the apparent spectral positions of the monopole SPhP eigenmode in the linear response, 14 is seen responsible for the complex structure of the resonant SHG output in our experiments (Fig. 2,d ). The weak IR activity of the zone-folded modes is related to the large negative dielectric permittivity of SiC in the Reststrahlen band. As such, the out-of-plane component of the electromagnetic field E z remains small which inhibits the coupling of incident light to the zone-folded phonon mode. However, the excitation of the SPhP monopole mode in the nanopillars drives a strong increase of E z , which facilitates the SPhP monopole interaction with the zone-folded phonon (Fig. 3,c) . We note that the interaction of the localized SPhP eigenmodes and the intrinsic excitations of the medium is a unique fingerprint of mid-IR nanophononics. Indeed, surface plasmon excitations in metals rely on the free electron gas, which is essentially isotropic. As such, the SHG output of plasmonic nanostructures is (i) largely determined by the metal of choice, usually Au, (ii) exhibits only weak spectral dependence 28, 47 and (iii) is limited by robust phase relations in the likely case of multiple SHG sources. 41, [48] [49] [50] [51] On the contrary, the flexibility of the SPhPs is provided by the coupling of the surface phonon polariton excitations to the intrinsic bulk phonon modes. The latter can be engineered by designing artificial metamaterials based on hybrid multilayer structures, 52, 53 thus allowing for an effective control of their optical properties. optical response as described in Ref. 15 A unit cell containing a single SiC pillar attached to the SiC substrate was constructed, with Floquet boundary conditions along the x-axis and periodic boundary conditions along the y-axis, perpendicular to the plane of incidence. A p-polarized plane wave at frequency ω was launched towards the SiC structure at an incident angle of 25 • . Originating from the p-polarised light source, the electric field E inside the SiC pillar and substrate was recorded. Then, this electric field was translated into the nonlinear polarization P 2ω , according to Eq. (1) in the main Manuscript. There, the following non-zero components of the nonlinear susceptibility were accounted for: χ As a next step, P 2ω in the pillar and the substrate was regarded as the source of scattered electric field E 2ω inside the unit cell. The SHG output was then obtained by integrating the power flow through a xy-plane set above the substrate. Sweeping the fundamental frequency and taking the dispersion of both linear and nonlinear SiC susceptibilities from Refs., 14, 26, 27 we calculated several SHG spectra for samples with various periodicity of the pillars. We note that in these calculations, the input power density at fundamental frequency was kept constant, and the SHG output power was normalized to the area of the xy-plane S ∝ P 2 . The results of the simulations presented in Fig. 3 in the main Manuscript demonstrate a single pronounced peak corresponding to the excitation of the SPhP monopole mode.
